Quartz dissolution in hydrothermal-metasomatic processes is common feature in magmatic and metamorphic quartz rich rocks. This experimental work aims to compare the dissolution of individual quartz faces and to clarify the role of mechanical defects in quartz grain dissolution. Two types of experiments were made to define the dissolution anisotropy: hydrothermal experiments (quartz -distilled water) and chemical dissolution (quartz -40 % hydrofluoric acid). Hydrothermal experiments using various types of quartz samples as well as chemical dissolution of quartz faces show that quartz dissolution is an anisotropic process. The solubility of rhombs is higher than that of prism faces. At lower temperatures the separated etch pits develop and with increasing temperature the etch pits start to link and the continuous striations (prisms) or overlapping arrows (rhombs) are observed. Such a surface structure may facilitate fluid migration through a solid rock. An experiment using a mechanically disrupted surface of the quartz crystal shows the decisive role of this defect on the dissolution. Fluid migration through rocks can then be strongly influenced for instance by brittle deformation, to which quartz with no cleavage is easily susceptible. Such defects additionally enhance fluid movement through rocks, which plays a decisive role during hydrothermal metasomatic quartz dissolution.
INTRODUCTION
Mineral dissolution is common in nature, reverse to mineral growth. Quartz as one of the major rockforming minerals is commonly subject to dissolution in all genetic rock types, i.e. magmatic (Petersson and Eliasson, 1997) , metamorphic (Kříbek and Hájek, 2005) and sedimentary rocks (Gratz and Christie, 1993) . Various aspects of this process such as the kinetics (Gratz et al., 1990; Liang and Readey, 1987) and thermodynamics (Shmulovich et al., 2001; Dolejš and Wagner, 2008) of dissolution have been studied by several authors.
This work describes quartz dissolution using hydrothermal experiments and chemical dissolution in order to constrain fluid migration during metasomatic proceses involving quartz dissolution. The extreme case of this process is episyenitization, a natural postmagmatic process resulting in episyenite formation (Hecht, 1999; Petersson and Eliasson, 1997) . Episyenitization is a hydrothermal alteration process during which quartz is dissolved by fluid-rock interaction. It is commonly associated with other types of alteration, such as albitization, sepentinization etc., and with various types of mineralization, such as U or Mo mineralization. Cathelineau (1986) stated the correlation between hydrothermal quartz dissolution in granites and sodium (albitization) or potassium of spheres, which have been cut from these minerals. Although there are no crystal faces on the surface of the spheres, contrasting types of etch patterns can be found. The use of a single solution type results not only in a different symmetry of etches on individual planes, but also in variable density, reflecting different dissolution intensities for different faces. Lasaga and Blum (1986) studied the mechanism of development of etch pits. Joshi et al. (1970) used etching to document rhombohedral cleavage in quartz. In their later work, they describe the effect of dislocations on etch mark development on amethyst rhombs Joshi et al. (1978) . Brantley et al. (1986) described in detail the influence of dislocations on the kinetics of surface dissolution. Our work aims to evaluate the (i) solubility of individual crystal faces of quartz and (ii) dissolution of the areas of mechanical defects in comparison with dissolution of perfect crystal faces, and utilization of this knowledge in the study of metasomatic quartz dissolution.
METHODS OF STUDY
Two methods of quartz etching and dissolution were applied: (1) autoclave temperature and pressure experiments of hydrothermal conditions of dissolution with distilled water, and (2) chemical etching of quartz with hydrofluoric acid.
A Parr instrument set was used to simulate hydrothermal P-T conditions. This set consists of a 4652 Parr reactor with a stainless vessel internal volume of 500 ml allowing the study of macroscopic samples heated in a 4923 Heater. The temperature was set and kept constant with help of a 4842 Temperature controller. Pressure was controlled by the quantity of liquid in the reactor and the set temperature. A volume of 65 ml of distilled water was used as a dissolving fluid in all the hydrothermal simulation experiments presented below. Each experiment was performed in a closed system during 7 days. Four groups of experiments were carried out ( Table 1) . The maximum P-T conditions which can be reached by this instrument set, are 340 bar and 500 °C. Simplified and adapted after Fournier (1985) and Petersson et al. (2012) . The yellow field corresponds to the highest quartz solubility.
In the grey field, the quartz solubility decreases at prograde conditions during constant pressure and quartz precipitates/crystallizes. The red dots show the conditions of the hydrothermal simulation experiments. Experiments with HF run in the ambient laboratory conditions: T = 20 °C, atmospheric pressure.
faces varies. The dissolution rate is assumed similar for the same crystal face (for instance on all faces of a halite cube). Dissolution of crystalline minerals results in so-called etch pits, etch marks or etch hillocks, which reflect the crystal lattice. Both shape and location correspond to the symmetry of the etched surface. According to Ježek (1932) , the concentration of the etching fluid, temperature and duration of the experiment represent controlling factors during chemical etching. Different etch patterns may develop on the same face under different conditions and through the action of different agents. However, these corrosive forms always have the same symmetry typical for individual crystallographical plane. The effect of the internal structure of the crystal on the mode of dissolution is also documented by the etching Room temperature and pressure
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195 mechanically or chemically without damaging the vessel. The presence of the silica coating influenced all subsequent experiments, as it dissolved more easily than the quartz samples. The solution was therefore saturated by the SiO 2 deposited on the walls earlier rather than by the SiO 2 derived from the sample, which lowered the validity of each subsequent experiment. The use of the teflon insert allowed for the reaction space to be cleaned chemically and guaranteed the same initial conditions for each new experiment. This procedure however required the experimental temperature to be lowered as teflon only resists temperatures up to 250 °C. The chemical dissolution of these plates using hydrofluoric acid (5) represented the last group of experiments. It should have served primarily as reference material. We aimed to compare the resulting etch marks and the intensity of dissolution from the hydrothermal and chemical process and to use the potential analogy to quantify the solubility of individual faces. The quartz plate dissolution was carried out in 10 ml of 40 % hydrofluoric acid at room temperature and pressure. Each experiment lasted 3.5 hours.
Weight of the quartz plates (4; 5) was measured on laboratory scales before and after the experiment. Each pair of compared plates (rhomb/prism) was always made from one quartz crystal. Original weight of the plates varied between 0.19 -0.26 g. The weight difference/loss of particular plates was expressed in % of original weight. The difference between weight losses of particular plates in pair prism/rhomb are described in chapter Experimental results.
The surfaces of the samples were studied by using a scanning electron microscope JEOL 6490 LV (after gold-coating) in secondary electron imaging mode (SE) or using an electron microprobe Cameca SX 100 in back-scattered electron imaging mode (BSE).
EXPERIMENTAL RESULTS
Natural etches on quartz crystal faces were used as a standard reference material for evaluating the experimentally induced changes. The quartz surfaces in Figures 3 and 4 show corrosion as a result of natural dissolution from the Jinkohe locality in Ebian, Sichuan province, China. Individual crystal faces are characterized by a different character of dissolution and a different etching shapes. Prisms and rhombs represented the most numerous and best developed faces in this as well as other samples. Elongated striations, in some places elongated quadrangles or trapezoids or regular diamond shapes reaching in this case 10 -40 µm in size, are typical of prismatic faces (Fig. 3) . By contrast, triangular etch shapes, in this case reaching 5 -25 µm in size, are characteristic of rhombs (Fig. 4) . BSE images of crystal prisms (Fig. 5) and rhombs (Fig. 6) From the 19 experiments, typical 5 examples documented by photos were selected for this publication. Complete quartz crystals (1, 2), a quartz sphere cut from a crystal (3) and thin quartz plates cut parallel to the crystal faces of prisms and rhombs (4) were used for the hydrothermal experiments (Fig. 2) . The changes on the natural crystal face, which was kept on the plate surface, were studied after the experiment. The plates of about 1mm thick were cut from a crystal using a diamond saw without further treatment. The crystal faces prior to etching were used as reference material. Experimental temperature and pressure were chosen as close as possible to the conditions of episyenitization (1; 2; 3; Table 1 ). As these experiments resulted in marked morphological changes on the surface of the samples, we carried out experiments with thin quartz plates (4) to compare the solubility of individual crystal faces. These experiments were performed at lower temperatures and pressures (Table 1) as a teflon insert had to be used to protect the walls of the reaction vessel during the experiment. During the 20 -35 minutes of cooling of the reactor (especially from the higher temperatures), SiO 2 dissolved in the solution precipitated on its walls. The SiO 2 film on the internal walls of the reactor could not be removed (Table 1) Dissolution experiments using mechanically disrupted crystal faces were performed as part of the experimental dissolution of complete crystals. The prismatic face was disrupted by a diamond needle of about 120 µm wide (Fig. 9) . Results of the subsequent hydrothermal experiment show that dissolution of the mechanically disrupted area is significantly greater (Fig. 10) . Comparison of the images acquired before and after the experiment reveal that the originally shallow scratch mark deepened considerably compared to the surrounding standard prismatic etches after the simulation of hydrothermal conditions. The mechanical disruption of the crystal surface significantly facilitates and determines further dissolution and its direction. Whereas the mean width of the mechanical defect remains unchanged, its depth increased by tens to hundreds of micrometers.
HYDROTHERMAL SIMULATION -QUARTZ SPHERE CUT FROM A CRYSTAL (Table 1)
A sphere made from a quartz crystal was used as a representative of natural quartz grains in rocks. It development of triangular etch pits can be observed on the rhomb surface.
HYDROTHERMAL SIMULATION -COMPLETE QUARTZ CRYSTALS (Table 1)
This first group of experiments was performed without attempting to compare the solubility of individual faces. The prism (Fig. 7) and rhomb ( Fig. 8) faces show characteristic etch pits. The intensity of dissolution of the crystal faces is considerably higher compared to the natural etches (Figs. 3 and 4) , and individual etch marks can no longer be distinguished. The prism face (Fig. 7) is no longer characterized by elongated quadrangles or discontinued striations, but by continuous striations, thus the size of individual etch marks cannot be determined. This is also the case of the rhombs, where triangular etch marks can be found, but these overlap so much that they cannot be individually determined and measured. The etch pits do not form closed triangles but overlapping arrows. It is however obvious that the dissolution at these highest simulated pressures and temperatures is more intensive and extensive compared to the experiments at lower temperatures and pressures.
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197 (Table 1) This experimental series included four sets of samples. Each set consisted of one pair of plates cut parallel to the natural crystal face and included the surface of this natural crystal face. A plate parallel to the prism (P 1 -P 4 ) and a plate parallel to the rhomb (R 1 -R 4 ) were represented in each pair. This series was used for comparing the solubility of individual crystal faces.
HYDROTHERMAL EXPERIMENTS -QUARTZ PLATES PARALLEL TO CRYSTAL FACES
Elongated etches which are mostly continuous and form striations rather than separated etch forms develop on the prism face (Fig. 13) . Their size is approximately 10 -20 µm, but difficult to determine precisely. The diamond-shaped etch marks are shallow and incomplete, or deep, narrow and complete. Both the separated and overlapping triangular etch marks of various size ranging between 2 and 10 µm can be clearly seen on the rhomb surface (Fig. 14) .
was also used to demonstrate that the internal symmetry of crystals shows up on the surface of a dissolved mineral although the crystal faces are not developed. It is commonly the case of mineral grains in natural rocks. Areas with different types of etches with contrasting symmetry and shape, corresponding to those characteristic of rhombs and prisms described above, developed on the originally smooth surface of the sphere (Fig. 11 ). These areas with a different etch symmetry featured both transitional and sharp boundaries (Fig. 12) . Triangular etch marks reaching 30 -50 µm in size clearly corresponding to the shape of respective rhombs can be seen on the left in Figure 10 . Elongated striations with deep diamondshaped etch marks that are characteristic of prisms, reaching 20 -50 µm in size, are shown on the right. The right part features a more intensive and extensive dissolution, whereas the left part is dominated by single but deep etch marks. (Table 1) This experimental series again included four sets of samples -four pairs of plates parallel to the prism (P5-P8) and rhomb (R5-R8). Hydrofluoric acid was used as a dissolving agent, as in the experiments described by Ježek (1932) . We aimed to compare the solubility of individual faces, similar to the previous series of experiments, and to compare the results of this chemical dissolution with those from the hydrothermal simulations. Also in this case, the solubility of plates parallel to rhombs was always higher compared to the plates parallel to prisms. Expressed in percent -the solubility of rhombs is 1.2 to 1.8 % higher.
CHEMICAL DISSOLUTION -PLATES PARALLEL TO CRYSTAL FACES
Elongated striations rather than separated etch marks can be seen on the prism surface. They merge to such an extent that their size cannot be determined precisely. These striations are however noticeably finer than in the preceding cases. There are hardly any diamond-shaped etch marks (Fig. 15) . Overlapping open triangular etch marks of variable size (again rather arrows than triangles) are clearly visible on the All four experimental sets demonstrate a higher solubility of the quartz plates cut parallel to rhombs compared to those cut parallel to prisms. When expressed in percent, the solubility of rhombs is 0.20 -1.4 % higher than that of prisms.
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Fig. 16
Quartz plate parallel to the rhomb (R7) after chemical dissolution in HF (SE) 2. Solubility and abundance of etch pits The difference in the solubility of the two most common crystal faces of quartz mentioned above reaches relatively low values of 0.20 -1.40 % ( Fig. 2 ; dissolution experiments using thin plates cut parallel to natural crystal faces). However, it has to be taken into account that the experiments were performed in a closed system and that the dissolution therefore always stopped when saturation was reached. This represents a significant difference from natural open systems. As shown by the hydrothermal experiments, the dissolution features and forms both at higher and lower temperature and pressure conditions are comparable (only the intensity, size and density of the etch pits increases with temperature). It is therefore probable that the trend observed in the experiments is even more significant for the conditions of natural quartz leaching. At lower temperatures the separated etch pits originate. With increasing temperature the etch pits start to link and we observe the continuous striations (prisms) or overlapping arrows (rhombs) without possibility of individual etch pits size determination. Although the solubility of rhombs is higher than that of prisms, Figures 8 and 12 , for instance, show that the surface of prisms are more prone to extensive dissolution and that elongated etch marks easily merge into striations or channel forms, which may facilitate the migration of fluids more easily than the deep single triangular etch marks on rhombs. Based on the above mentioned experimental results, it is possible to presume similar behaviour of quartz grains in natural rocks. From this point of view two circumstances in natural rocks are important: a) an abundance of the dissolved grains and b) contact between the newly originated spaces is determining for the next fluid migration. The contrasting solubility rhomb surface. The size of individual etch marks is difficult to determine, but ranges between 2 and 10 µm (Fig. 16 ).
DISCUSSION AND CONCLUSIONS
Both the hydrothermal simulation experiments in a large volume temperature-pressure reactor and the chemical leaching experiments reveal that the quartz dissolution is anisotropic in relation to individual crystal faces and mechanical defects. Generally, the discussion of the experimental results can be separated in four subsections:
Etch pits shapes
The comparison of the etch pits of individual crystal faces of quartz clearly shows that the etching style of prisms is remarkably different than that of rhombs in both types of experiments. Elongated etch shapes or regular diamond etch shapes are typical for prismatic faces. By contrast, triangular etch shapes are characteristic of rhombs (Joshi et al., 1970) . At lower temperatures and pressures (Table 1) , etch marks of a similar shape could be observed both in the case of the naturally dissolved quartz surface from the Jinkohe locality and on the samples exposed to dissolution at higher temperature and pressure (quartz crystals and quartz sphere). The fact that rhombs are more susceptible to dissolution than prisms is also confirmed by the presence of initial triangular etch marks documented prior to etching when compared to the smooth face of a prism from the same crystal (Figs. 5 and 6) . The experiments show that quartz dissolution by various fluids (distilled water and hydrofluoric acid) is similar for different pressures and temperatures. of individual faces does not necessarily have a substantial impact on the whole metasomatic process, however, the relative abundance and size of these individual faces and their solubility probably represents an important factor determining potential fluid pathways through the rock. This also concerns material with undeveloped crystal faces, as shown by the experiment with the quartz sphere (Fig. 12) as a representative of mineral grains without crystal faces which are common in the nature.
Influence of mechanical defects
Fluid migration is still more influenced by mechanical defects on the crystal surface: our experiment using complete quartz crystal disrupted on the prism face by a diamond needle clearly showed, that such defects significantly enhance mineral solubility. The depth of the mechanical deffect increased from first tenmicrometers by tens to hundreds of micrometers after the experiment. (Fig. 10) In this respect, brittle deformation commonly affecting quartz due to its lack of cleavage may play a decisive role in fluid migration through the rock. Defects of this type facilitate fluid migration, which is crucial in the episyenitization processes (Cathelineau, 1986; Hecht et al., 1999) .
4. Synergy of three above mentioned anisotropic dissolution effect The anisotropy of dissolution described above may have a particularly strong effect on rocks with a preferred orientation of mineral grains and rocks which were subject to brittle deformation. Anisotropic dissolution of quartz grains may represent another possible way for fluid migration through the rock, in addition to migration along cracks, cleavage and twinning planes in mineral grains described by Leichmann et al. (2003) .
